Proteins are a major regulatory component in complex biological systems. Among them, DNA/RNA-binding proteins, the key components of the central dogma of molecular biology, and membrane proteins, which are necessary for both signal transduction and metabolite transport, are suggested to be the most important protein families that arose in the early stage of life. In this study, we computationally analyzed the whole proteome data of six model species to overview the protein diversity in the three domains of life (Bacteria, Archaea and Eukaryota), especially focusing on the above two protein families. To compare the protein distribution among the six model species, we calculated various protein profiles: hydropathy, molecular weight, amino acid composition and periodicity for each protein. We found a domain-specific distribution of the proteome based on 2D correlation analysis of hydropathy and molecular weight. Further, the merged protein distribution of Archaea and other domains revealed many membrane proteins localized in Bacteria-specific regions with a high ratio of hydropathy and many DNA/RNA-binding proteins localized in Eukaryotaspecific regions with a low ratio of hydropathy. Since about half of the proteins encoded in the genome are still functionally unknown, we further conducted Support Vector Machine (SVM)-based functional prediction using amino acid composition (CO score) and periodicity (PD score) as feature vectors to predict the overall number of DNA/RNA-binding proteins and membrane proteins in the proteome. Our estimation indicated that two functional categories occupy approximately 60% to 80% of the proteome, and further, the proportion of the two categories varied among the three domains of life, suggesting that the proteome has gone through different selective pressure during evolution. §1. Introduction
§1. Introduction
The main flow of biological information is transferred from DNA to RNA to protein, the so-called central dogma of molecular biology, and all living organisms share this universal system. We are now in the middle of the post-genomic era, with an enormous number of DNA sequences from over 240,000 named organisms, 1) and the numbers are rapidly increasing day by day. Accompanied by the accumulation of genomic data, RNAs in over 400 complete genomes (Rfam database) 2) and protein sequences from 9,318 families (Pfam database) 3) are currently available. Protein molecules are the major regulatory component of the biological system. The model species Escherichia coli is known to possess approximately 4,400 proteins, and the nematode Canorhabditis elegans possesses approximately 20,000 proteins. These estimated numbers of the proteome are deduced from predicted genes in the genome sequence, and yet about half of the proteins registered in protein databases are still categorized as functionally unknown (hypothetical), because they lack similarity to any of the functionally known proteins. These functionally unknown proteins include products from species-specific genes (so-called ORFans) that are known to encode many uncharacterized short peptides 4) thus, their functions are difficult to predict with certainty using comparative genomics.
The existence of mass functionally unknown proteins in the proteome field cannot be ignored in understanding the complex interaction of cellular molecules. Therefore, a fast and accurate proteome-wide function classification method is expected to be of great benefit in the field of proteome and systems biology. The core system of life, the central dogma of molecular biology, consists of consecutive reaction of various DNA/RNA-binding proteins (polymerases, transcription factors, translation factors, ribosomes, etc.) and key functional RNAs such as transfer RNA and ribosomal RNA. Further, many DNA/RNA-binding proteins exist for cutting, repair, modification and transfer of DNA and RNA; thus, a few recent studies have begun to reveal the complex biological network of proteins and nucleotides. 5) Moreover, evidence of a large proportion of transcribed non-coding RNAs has been discovered by transcriptome analysis in E. coli, mouse and human. 6)-8) The biological function of most of the non-coding RNA is yet to be discovered, and there lies a possibility that novel RNA-binding proteins could be interacting with these RNAs to form an unknown regulatory network in the cell. Therefore, detection of novel DNA/RNA-binding proteins from functionally unknown proteins has topical importance and could lead to finding a novel biological mechanism. For the past few years, we have been working on RNA metabolism in the hyperthermophilic archaeon Pyrococcus furiosus and reported our experimental system in which an expression cloning method was used for extracting DNA/RNA-binding proteins at the proteome level. 9), 10) Furthermore, we have recently developed a fast, accurate and comprehensive method to predict novel DNA/RNA-binding proteins from functionally unknown proteins using amino acid composition and periodicity. 11) Based on this research, in this paper we performed a proteome-wide comparison and characterization by expanding the target from Archaea to the three domains of life (Nanoarchaeum equitans, Methanopyrus kandleri, E. coli K12 MG1655, Synechocystis strain PCC 6803, Caenorhabditis elegans and Homo sapiens) using various protein profiles: hydropathy, molecular weight, amino acid composition and periodicity. We visualized the proteome diversity among the six model species using a 2D distribution plot based on hydropathy and molecular weight. The two important proteins families, DNA/RNA-binding and membrane proteins, were distributed in two distinct regions with domain-specific expansion. The proportion of the two functional families occupied approximately 60% to 80% in the proteome, with wide variation among the three domains of life. §2. Materials and methods 13) Both the Swiss-Prot and TrEMBL databases were used for two archaeal species; N. equitans (536 proteins) and M. kandleri (1,700 proteins), and Swiss-Prot data alone were used for the four prokaryotic and eukaryotic species; E. coli K12 MG1655 (4,930 proteins), Synechocystis PCC 6803 (3,527 proteins), C. elegans (3,040 proteins) and H. sapiens (7,012 proteins) as a reliable independent test set.
Protein dataset and functional annotations

Calculation of protein profiles and definition of PD score and CO score
Amino acid hydropathy score was extracted from Kyte and Doolittles work, 14) and all scores were summed to calculate the hydropathy score of an individual protein. For amino acid composition, we calculated the relative composition of amino acids (C ) of each training set (i ) with 20 types of amino acids (k ):
where A is the number of amino acid k in a single protein i, and N is the full amino acid length of a single protein i. For amino acid periodicity, we calculated the relative coverage of the periodic region (R) of each training set (i ) with 253 patterns of amino acid periodicities (j ): 23 amino acid groups x 11 kinds (2, 3, 5, 7, 8, 9, 11, 13, 15, 17, 19 periods):
where P is the length of the periodic region of periodicity j in a single protein i, and N is the full amino acid length of a single protein i. Two heterogeneous profiles; amino acid periodicity and amino acid composition, were integrated by the late integration method. The SVM output (discriminant values) was calculated for each profile as amino acid periodicity (PD score) and amino acid composition (CO score) and later summed as CO+PD score. CO score and PD score were calculated by the same procedure as in a previous study. 11) Thresholds for extracting DNA/RNA-binding proteins were determined by considering several indices. The index, positive predictive value (PPV) was adapted to measure the percentage of DNA/RNA-binding proteins among proteins above the threshold. PPV is calculated by the equation:
Another index, Matthews correlation coefficient (MCC), was used to determine different threshold values of the CO+PD score. MCC is a popular index for measuring the performance of prediction, and maximum MCC provides high sensitivity and specificity. MCC is calculated by the equation:
taking the DNA/RNA-binding protein classification as an example, TP refers to true positives (number of DNA/RNA-binding proteins with CO+PD score > cut-off), FP refers to false positives (number of other proteins with CO+PD score > cut-off), FN refers to false negatives (number of DNA/RNA-binding proteins with CO+PD score < cut-off), and TN refers to true negatives (number of other proteins with CO+PD score < cut-off). §3. Results and discussion
Comparison of protein distribution in six model species based on 2D plot of hydropathy and molecular weight
A total of six model species; N. equitans, M. kandleri, E. coli, Synechocystis, C. elegans and H. sapiens, were used in this study. The two archaeal species N. equitans and M. kandleri are assumed to be two of the most primitive species and were chosen for their topical importance in the evolution of the ancient architecture of the biological system. 15) The cyanobacterium Synechocystis was chosen for its old lineage in the history of the earth, in which putative fossilized cyanobacteria have been found from 3.8 billion years ago. E. coli was chosen as the most well-known standard model bacterium. C. elegans and H. sapiens were chosen as representatives of well-known multi-cellular species. The general concept of the three domains of life was first proposed by Carl Woese, 16) separating all living organisms into three large domains (Bacteria, Archaea and Eukaryota). The relative phylogenetic positions of the six model species are shown in Fig. 1 . To characterize the proteins in each species at the proteome level, we introduced four protein profiles: hydropathy, molecular weight, amino acid composition and amino acid periodicity. Comparison of the distribution of the whole proteome among the six model species was conducted by visualizing the proteome data on a 2D plot based on hydropathy and molecular weight ( Fig. 2A) . The distribution of proteins expanded according to the total number of proteins that each species possessed. For example, most of the proteins in Archaea possess a molecular weight below 75kDa and hydropathy score between 400 and −200, whereas bacterial proteins show slight expansion with molecular weight below 100kDa and hydropathy score between 600 and −200, while proteins in Eukaryota show a wide range of diversity with molecular weight up to 250kDa and hydropathy ranging from 600 to −1000. To define the area of protein expansion in each species, we formulated two distinct linear borderlines using the top 50 proteins with highest and lowest hydropathy: H per molecular weight: M (H/M) and presented the fitted lines in Fig. 2A . We found that the slope of the upper borderline (highest H/M) in Archaea and Eukaryota possessed certain similarity (from 0.0087 to 0.0099), but differed in the two Bacteria: E. coli (0.0125) and Synechocystis (0.0119). On the other hand, the slope of the lower borderline (lowest H/M) in Eukaryota: C. elegans (−0.097) and H. sapiens (−0.119) was significantly lower than that in Archaea and Bacteria (from −0.0044 to −0.0076), suggesting that a certain class of proteins may have evolved and diverged domain-specifically. To visualize proteins distributed in a domain-specific manner, we chose the proteome of the archaeon M. kandleri as a basis of protein distribution, and merged it with the E. coli proteome and H. sapiens proteome (Fig. 2B) . As a result, the protein distribution in E. coli differed in the area surrounding the upper borderline, representing a specific group of proteins possessing high H/M ('group A' in Fig. 2B ), while the protein distribution of H. sapiens showed a specific distribution around the lower borderline possessing low H/M ('group B' in Fig. 2B ).
Prediction of DNA/RNA-binding proteins and membrane proteins based on 2D correlation analysis of CO and PD score
To estimate precise numbers of DNA/RNA-binding and membrane proteins in the proteome of the six model species, we further performed proteome-wide function prediction using two protein profiles (amino acid composition and amino acid periodicity). We previously used a Support Vector Machine (SVM)-based method using functionally known proteins as a training set, and quantitatively evaluated DNA/RNA-binding proteins in P. furiosus. 11) The same procedure was applied, and two discriminant values derived by SVM, the so-called composition score (CO score) and periodicity score (PD score), were calculated for the six model species. We summed CO score and PD score by the late integration method: a method for integrating heterogeneous datasets based on the context of SVM learning. 17) Then, two different thresholds were determined based on the high positive predictive value (PPV) and highest Matthews correlation coefficient (MCC), separating proteins into three categories: Class I -Class III.
First, by introducing the three categories in the 2D plot based on CO score and PD score, we were able to visualize accurate classification of DNA/RNA-binding proteins in the six species (Fig. 3) . Significantly, in N. equitans, the positive pre- dictive value (PPV) of Class I was 95.4%, meaning that 95.4% of the functionally known proteins categorized in Class I were DNA/RNA-binding proteins, while PPV in Class I of the other species ranged from 72.4% to 83.2%. To estimate the total number of DNA/RNA-binding proteins in each individual species, we calculated the PPV in all three categories and applied the value to the hypothetical protein set to predict precise numbers of DNA/RNA-binding proteins (Table 2 ). For example, in N. equitans we estimated that 24 out of 25 hypothetical proteins in Class I were DNA/RNA-binding proteins, based on the calculation (25 times 95.4%). Secondly, we used the same method to predict membrane proteins, and classified membrane proteins from other functionally known proteins with high accuracy (Fig. 4) . Especially in E. coli, C. elegans and H. sapiens, PPV in Class I proteins was above 97%, suggesting that amino acid composition and periodicity are effective protein profiles to predict not only DNA/RNA-binding proteins but also membrane proteins ( Table 3) . As an exception, PPV for predicting membrane proteins in the N. equitans proteome was low, only 35.7%. Since only 26 membrane proteins are annotated in N. equitans, we assumed that the size of the training set was too small to perform accurate classification. However, we were still able to estimate the total number of membrane proteins and DNA/RNA-binding proteins in the proteome of the three domains of life. Functionally known proteins and hypothetical proteins were classified into three categories (Class IClass III) based on 2D correlation analysis for membrane protein classification (Fig. 4) . The numbers of proteins in each category are shown. PPV stands for positive predictive value: composition of membrane proteins (Membrane) within the category. Predicted numbers of DNA/RNA-binding proteins in the hypothetical proteins were calculated as PPV x total number of hypothetical proteins. §4.
Conclusions
In this manuscript, by using several protein profiles, we were able to visualize and compare the overall distribution of proteome data in the three domains of life and further classified two important protein families: DNA/RNA-binding proteins and membrane proteins with high accuracy. We further adapted the threshold to hypothetical proteins and were able to estimate the proportions of the two protein families in the six model species. Our results indicated that approximately 60% to 80% (with overlapping genes sharing 2%) of the proteome consists of DNA/RNA-binding and membrane proteins (Fig. 5) , suggesting the importance of these two protein families in the biological system. Further, comparison of the proportions of the two protein families in the three domains of life demonstrated that dynamic fluctuation of protein numbers and their characteristics has occurred throughout the evolution of life. We believe that our study will provide a molecular basis toward understanding the diversity of proteins and their functions in the three domains of life.
